ABSTRACT Xenopus cells, like many other eukaryotic cells, respond to heat treatments by increasing the rate of synthesis of a few characteristic proteins, the heat shock proteins. Because of the generality of this response, it seemed possible to examine the expression of isolated heat shock genes in a heterologous system. Phage 122 DNA, containing two identical genes coding for the Drosophila 70,000-dalton heat shock protein (hsp7O genes), was microinjected into Xenopus oocyte nuclei. The Drosophila hsp7O genes are transcribed efficiently in heat-treated oocytes (35-3rC) to give RNA of the correct size and sequence content. Transcription is sensitive to low levels ofct-amanitin and therefore is carried out by RNA polymerase II. At normal temperatures (20-28C) essentially no Drosophila-specific RNA is formed. The isolated insert fragment of phage 122 also gives RNA of correct length in heat-treated oocytes which hybridizes to the coding segment of Drosophila hsp7O genes only. At normal temperatures, however, its rate of transcription is variable and only RNA heterogeneous in size is formed.
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Heat shock genes are present in a wide variety of eukaryotic cells (1) (2) (3) (4) . These genes are active at higher temperatures but are transcribed at low rates or not at all at normal growth temperatures. In all cells investigated so far, heat shock proteins of 70,000 and ""85,000 daltons were found to be made (1) (2) (3) (4) (5) (6) . As judged by peptide analysis, heat shock proteins from species as different as Drosophila and man have.similar structures (ref. 6 , unpublished data). These observations demonstrate that both the structure of the genes coding for heat shock proteins and their mode of regulation have been well conserved throughout evolution..
The Drosophila genes coding for the major 70,000-dalton heat shock protein (hsp7O genes) have been isolated and characterized in considerable detail (7) (8) (9) (10) (11) . The hsp7O genes are repeated five to nine times in the haploid Drosophila genome (12) and are located at chromosomal regions 87A and 87C (3) . Each hsp7O gene (see Fig. 2 ) consists of a 2.2-kilobase (kb) mRNA coding region, Zc, and a 0.3. to 0.4-kb-long noncoding segment, Z,. (13, 14) . By now, the nucleotide sequences of the hsp7O genes and some of the more distal 5' flanking regions have been determined (15) (16) (17) .
The mechanism by which heat shock genes are activated is not understood as yet. The nature and the location of DNA sequence elements involved in the transcriptional regulation of these genes are unknown. Because ofthe generality of the heat shock response, it seemed possible to investigate the mechanism of regulation of heat shock gene transcription in a heterologous system. If heat shock gene control sequences were conserved as well as the protein encoding portions, one might expect that control regions associated with heat shock genes of one organism could also be recognized in cells of another organism.
We have chosen microinjection into Xenopus oocytes as an assay for studying the expression of Drosophila heat shock genes. Xenopus oocytes have some major advantages over many other in vitro or in vivo transcription systems. The transcription of a structural gene in the oocyte not only is dependent on the presence of T-A-T-A but also is evidently influenced by other DNA sequences as well. For instance, the expression of the histone genes is controlled by several sequence elements located in the 5' flanking extension (18) . Whereas viral genes are efficiently read (19, 20) , some cell type-specific genes, such as the ones coding for rabbit 83-globin (21) or chicken ovalbumin (22) , are not specifically transcribed in the oocyte. Moreover, in the oocytes, no crossover events are expected to bring the injected genes into the neighborhood of host DNA sequences that might affect their transcription. Thus, the regulation ofthe expression of an injected gene solely depends on the presence of its own control sequences.
MATERIALS AND METHODS
hsp7O Genes. The isolation and characterization ofphage 122 carrying two Drosophila melanogaster hsp7O genes has been described (23) . Plasmid 122X14 is a derivative ofphage 122 and contains one of the hsp7O genes along, with long flanking sequences (23) . Plasmid Sal 0 has been constructed by inserting the coding portion of the Drosophila hsp7O gene from plasmid 56H8 into the unique Sal I site of pBR322 (14) . Plasmid and phage DNAs were prepared as described (7, 24 (20) . Early stage 6 (26) oocytes were used and were centrifuged to visualize the position of the nuclei (27) . The only modifications introduced were the use of OR2 medium (28) instead of Barth's solution and the reduction of the amount of DNA injected to 2-5 ng per oocyte nucleus. Noninjected oocytes were used as controls and treated in parallel.
After DNA injection, the oocytes were incubated for [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] hr in OR2 at 20'C to allow chromatin formation on the injected DNA (29, 30) . Some oocytes were then injected a second time with [a-32P]GTP (0.1 Ci per nucleus; 1 Ci = 3.7 x 1010 becquerels) or a-amanitin (0.1 g/ml of nuclear volume, 31) or both. After 15 min, the oocytes were incubated for 2 hr at 20'C or 15'C and, in certain experiments, at 280C.
Analysis of RNA. The RNA was isolated from oocytes as described (32) 1778 Biochemistry: Voellmy and Rungger 32P]dCTP. Because it could not be assumed that the RNA products ofthe Drosophila hsp7O genes made in oocytes were polyadenylylated quantitatively, random pentadeoxynucleotides were used to prime the reverse transcriptase reaction. These primers should allow the reverse transcriptase to initiate at many sites along each RNA molecule. The resulting cDNA population should therefore be representative of all RNA template sequences. Equal amounts of the cDNAs made from the different RNA preparations were then hybridized to Southern blots of DNA coding for the Drosophila 70,000-dalton heat shock protein.
The Drosophila hsp7O genes of phage 122 were found to be transcribed efficiently in heat-treated oocytes (Fig. 2a, lane 1) . Oocytes that did not carry Drosophila heat shock genes did not synthesize transcripts hybridizing to filter-bound Drosophila hsp7O genes (Fig. 2a, lane 4) . Thus, Drosophila and Xenopus hsp7O genes are sufficiently different in their sequences not to cross-hybridize under stringent conditions. Very little Drosophila-specific RNA was synthesized when phage 122 DNA had not been circularized prior to injection (Fig. 2a, lane 2) . This finding confirms earlier observations that suggested that only circular DNA molecules are stable in oocyte nuclei whereas linear molecules are rapidly degraded (29) . At least a fraction of the oocyte transcripts of phage 122 DNA appeared to be polyadenylylated. cDNA that was made from oocyte RNA containing phage 122 transcripts with oligo(dT) used as primer of reverse transcriptase hybridized strongly to Drosophila hsp7O genes (Fig. 2a, lane 3) . The hsp7O genes of the 10.5-kb phage 122 insert fragment were also transcribed (Fig. 2b, lane 6) , indicating that transcription of the hsp7O genes starts at an initiation site on the insert DNA and not on A DNA. (Fig. 3a) . No Drosophila-specific RNA was made at 20°C or at 28°C. Transcription of the phage 122 genes in heat-treated oocytes could be blocked by low concentrations of a-amanitin. Thus, the Drosophila hsp7O genes on phage 122 are transcribed by RNA polymerase II in oocytes as in Drosophila cells. Transcription of the hsp7O genes on the isolated phage 122 fragment was also heat-stimulated (Fig. 3b) . However, this stimulation varied in different experiments. As is evident from the data in Fig. 3b , the isolated genes are transcribed nonspecifically to some extent because a fraction ofDrosophilaspecific RNA synthesis was resistant to a-amanitin. That the genes on phage 122 are heat-activated in oocytes was confirmed in additional experiments. RNAs from heat-treated or untreated oocytes carrying the Drosophila genes were reverse transcribed in the presence of [a-32P]dCTP with random pentadeoxynucleotide primers. Equal amounts -of the different cDNAs were then hybridized to filter-bound Drosophila hsp7O genes (33) . Again the phage 122 hsp7O genes were transcribed only in heat-treated oocytes (Fig. 4b) . Similar observations were made with isolated phage 122 genes. The extent of stimulation of transcription of the isolated genes varied as in the experiments described above.
Size ofDrosophila hsp7O RNA Synthesized in Oocytes. RNA from oocytes containing phage 122 DNA or the 10.5-kb gene fragment was analyzed by the blotting technique of Thomas (35) . Nick-translated Drosophila hsp7O genes were used as hybridization probes. In heat-treated oocytes, most of the Drosophila-specific transcripts were of the same length as hsp7O a 1 2 Fig. 5c . 6) . Equal portions of the RNAs were DNasetreated, glyoxylated, and electrophoresed on a 1.4% agarose gel. As size marker, a BamHI/Bgl I double digest of pBR322 was used. The RNAs were subsequently transferred to a nitrocellulose filter (35) To obtain a probe representative of all RNA sequences, 32p_ labeled cDNA to oocyte RNA was prepared by the random priming procedure. The cDNA was then hybridized to Southern blots of various restriction digests (Fig. 5a ) of plasmid 122X14 which contains one ofthe phage 122 genes together with long stretches of 5' and 3' flanking sequences (Fig. 5c) . Hy- bridization occurred only to 122X14 fragments that contained segments of the RNA coding region (Fig. 5b) . That different parts of the RNA coding sequence were labeled equally well (Fig. 5b, lane 3 Biochemistry: Voellmy and Rungger sively or to a significant extent, by read-through ofpolymerase that appears to initiate on vector sequences. The rabbit (3-globin gene is nonspecifically transcribed when linked to pCR1 or pBR322 vector sequences but is inactive by itself (21) . Chicken ovalbumin cDNA is transcribed when linked to pMB9 plasmid sequences (22) . Our observations suggest that phage A DNA does not induce such nonspecific transcription events. Thus, genes cloned in phage A can be directly used for injection into oocytes without further isolation.
In contrast to the Drosophila hsp70 genes in phage A, isolated hsp7o genes are transcribed to a variable extent also at 200C. The RNA made at this low temperature is heterogeneous in size and much larger than authentic hsp7O mRNA. Because low concentrations of a-amanitin do not completely block transcription of the isolated genes, it seems likely that RNA polymerase I or III is involved in the formation ofthe heterogeneous-size DNA. This abnormal activity of the isolated gene fragment is not yet understood. Possibly, the preparation of the gene segment by restriction and electroelution has introduced occasional nicks and gaps into the DNA that may be used as additional transcription initiation sites. Nevertheless, it is clear that transcription of the isolated genes is heat-stimulated and that correct transcripts are only made in heat-treated oocytes.
Heat shock genes are present in various eukaryotic organisms. The genes from the different organisms code for proteins of similar size and structure (refs. 1-6; unpublished data). Very little is known about the mechanism of control of heat shock gene activity. Experiments using amino acid analogues such as canavanine suggest that a labile protein is involved in the activation of the heat shock genes (1). The exact role, however, ofthis hypothetical protein has not yet been established. Whatever the mechanism of heat activation ofheat shock genes may be, it must be based on the interaction ofproteins or RNA with a DNA signal sequence unique to heat shock genes. Our experiments on the expression of Drosophila heat shock genes in Xenopus oocytes demonstrate that the heat shock genes from two different organisms are activated by similar mechanisms and that the injected Drosophila DNA contains the relevant signal sequence(s). Thus, the Xenopus oocyte system can be used as an assay for identifying the Drosophila heat shock gene control sequence(s).
